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Introduction
[bookmark: _Hlk525462591]In RAN#94-e, the WID on NR sidelink evolution was agreed; it was most recently revised in RAN#99 [1]. The WID includes the following objective for sidelink operation in FR2:
	3. [bookmark: _Hlk89917254][bookmark: _Hlk114651095]Study enhanced sidelink operation on FR2 licensed spectrum [RAN1, RAN2]
· [bookmark: _Hlk89917271]Focus only on updating the evaluation methodology for commercial deployment scenario in 4Q 2022. [RAN1]
· [bookmark: _Hlk89917283]Study is limited to the support of sidelink beam management (including initial beam-pairing, beam maintenance, and beam failure recovery, etc) by reusing existing sidelink CSI framework and reusing Uu beam management concepts wherever possible. [RAN1, RAN2]
· [bookmark: _Hlk89917309]Beam management in FR2 licensed spectrum considers sidelink unicast communication only.


In this contribution, we identify potential issues to be studied regarding the support of sidelink (SL) beam management for SL operation on FR2 licensed spectrum.
Potential issues for study on SL beam management
The goal of SL beam management, based on the definition provided for NR Uu in 3GPP TR 38.802 [2], is to “acquire and maintain a set of [UE] beams that can be used for [SL] transmission/reception”.
Section 6.1.6.1 of [2] defines three procedures for downlink (DL) beam management:
1) [P-1] SSB based beam sweeping: During initial acquisition based on SSB (idle mode), beam sweeping is used at both gNB (TX) and UE (RX) to determine an initial pair of (relatively wide) beams. The UE transmits on a PRACH occasion that is associated with the best SSB beam, hence upon success of the PRACH procedure both gNB and UE have established an initial beam pair.
2) [P-2] CSI-RS based TX beam refinement: To increase the TX directivity/gain, a set of CSI-RS resources are configured and transmitted by the gNB using a corresponding set of narrow TX beams (within the angular range of the initial wide TX beam). The UE measures RSRP and reports the best TX beam (i.e., highest RSRP).
3) [P-3] CSI-RS based RX beam refinement: To increase the RX directivity/gain, a set of CSI-RS resources are configured and transmitted by the gNB using a fixed (narrow) TX beam (e.g., the reported best TX beam) while the UE performs RX beam sweeping using a corresponding set of narrow RX beams (within the angular range of the initial wide RX beam). The UE measures RSRP and selects the best RX beam (i.e., highest RSRP).
According to the WID [1], the present study should “reus[e] Uu beam management concepts wherever possible”. Below we provide our view on whether/how the above NR Uu procedures (P-1, P-2, P-3) may be reused/adapted for SL beam management.
[bookmark: _Hlk4137067][bookmark: _Hlk520894743][bookmark: _Hlk7596973][bookmark: _Hlk525462634][bookmark: Proposal60954]SL beam pairing
Figure 1 shows a pair of SL UEs (A, B) performing initial beam pairing for unicast communication. The goal of initial beam pairing is to establish a first pair of relatively wide spatial filters (beams) for SL transmission/reception, similar to P-1 in NR Uu. These may be subsequently refined if needed, e.g., to increase TX/RX directivity/gain – similar to what is done in NR Uu with P-2 and P-3.
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[bookmark: _Ref125606259]Figure 1. A pair of SL UEs (A, B) performing initial beam pairing for unicast communication
In Figure 1, UE A has P panels available for transmission (P = 4 in Figure 1) and UE B has Q panels available for reception (Q = 4 in Figure 1). A first issue that should be studied is how the UEs (A, B) determine which panels to use (at least initially) to communicate with each other. It is worth noting that the best panels determined at a given time may not be best at a later time (e.g., due to UE relative motion, rotation, obstruction by other objects, etc.), thus panel switching/maintenance may be required.
In order to determine the best panel combination out of P × Q possible combinations, the UEs may perform measurements on reference signals (RS) transmitted/received using the widest attainable beam on each panel (e.g., by using a single antenna element, or combining narrow beams hierarchically as described in [3]). For example, UE A may transmit SL CSI-RS sequentially on each of its P panels (using the widest attainable transmit beam on each panel), while UE B measures RSRP on each of its Q panels (using the widest attainable receive beam on each panel). Such initial beam pairing may require up to P × Q SL CSI-RS to be transmitted/measured.
In RAN1#112, the following was agreed regarding SL beam management:
	Agreement
For sidelink beam management, RAN1 is to study
· how transmit beam(s) training and/or receive beam(s) training is performed
· whether and how spatial related information (e.g., TCI, QCL, beam ID, etc) information could be identified
· the relationship between PC5 unicast link establishment and sidelink initial beam pairing (e.g., whether initial beam pairing procedure starts before, during or after sidelink unicast link establishment procedure.)


Regarding the relationship between PC5 unicast link establishment and SL initial beam pairing, we think that initial beam pairing could be performed either during (i.e., as part of) or after link establishment, but not before. We share the view from other companies that the main drawback of performing initial beam pairing after link establishment is a potential reduction in achievable coverage or communication range. In some applications, range may not be an issue, e.g., in an indoor environment such as a factory floor. In other applications, such as a highway scenario in V2X, range may be an important factor. Thus, whether to perform initial beam pairing during PC5 unicast link establishment or thereafter may be up to the application.
[bookmark: Obs62483][bookmark: Obs51852]Observation 1: Performing SL initial beam pairing after PC5 unicast link establishment may reduce the achievable communication range.
[bookmark: Proposal51819][bookmark: Proposal52382]Proposal 1: RAN1 to prioritize the study of SL initial beam pairing during (i.e., as part of) and after PC5 unicast link establishment. Whether to perform initial beam pairing during or after link establishment may depend on use case requirements.
In RAN1#112, the following proposal was brought forward by the FL regarding SL initial beam pairing:
	Proposal 1-2-d: RAN1 is to study whether and how the following could be enhanced for sidelink initial beam pairing:
· S-SSB
· Sidelink CSI RS 
· PSCCH/PSSCH DMRS 
· PSCCH/PSSCH and corresponding PSFCH 


SL beam pairing based on S-SSB may be possible in some circumstances, e.g., in case of UE-specific S-SSB transmission configured by a gNB while in coverage (using parameter networkControlledSyncTx). However, in general (e.g., when out of coverage or in partial coverage), superposition of S-SSB transmissions from multiple UEs (e.g., located in different directions from the perspective of a S-SSB measuring UE) may render such signals unusable for SL beam pairing.
In case of performing SL initial beam pairing during PC5 unicast link establishment, PSSCH DMRS associated with beamformed DCR/DCA transmission/reception between initiating UE and responding UE may be sufficient to determine an initial beam pair (e.g., that for which the highest RSRP is measured based on TX/RX beam sweeping). On the other hand, if a PC5 unicast link is already in place, SL CSI-RS may be used for initial beam pairing based on exchanged UE capability information and SL CSI-RS resource configuration information exchanged by the UEs.
[bookmark: Obs62484][bookmark: Obs51853]Observation 2: PSSCH DMRS associated with beamformed DCR/DCA transmission/reception may be used for initial beam pairing during PC5 unicast link establishment. In case a PC5 unicast link is already established, SL CSI-RS may be used for initial beam pairing based on exchanged SL CSI-RS resource configuration information.
[bookmark: Proposal51820][bookmark: Proposal52383]Proposal 2: RAN1 to deprioritize the study of S-SSB enhancements for SL initial beam pairing.
Figure 2 illustrates how the SL UEs (A, B) may perform SL beam refinement within their selected panels.
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[bookmark: _Ref125614145]Figure 2. A pair of SL UEs (A, B) performing SL beam refinement for unicast communication
In Figure 2, UE A has M narrow beams (a1, a2, … , aM) available for transmission within its selected panel (M = 9 in Figure 2) and UE B has N narrow beams (b1, b2, … , bN) available for reception within its selected panel (N = 9 in Figure 2). Note that for simplicity only one dimension is shown (e.g., azimuth), but in general the beams may be formed in two dimensions (i.e., azimuth and elevation).
In order to determine the best narrow beam combination (a’, b’) out of M × N possible combinations, the UEs may perform measurements on reference signals (RS) transmitted/received using each of the available narrow beam pairs. For example, UE A may transmit SL CSI-RS sequentially on each of its M narrow beams (a1, a2, … , aM), while UE B measures RSRP on each of its N narrow beams (b1, b2, … , bN). Such beam refinement may require up to M × N SL CSI-RS to be transmitted/measured.
Exhaustive beam search
Figure 3 shows a possible SL beam pairing procedure based on exhaustive beam search.
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[bookmark: _Ref126670093]Figure 3. SL beam pairing based on exhaustive beam search (slot-wise TX beam sweeping at UE A, symbol-wise RX beam sweeping at UE B)
In order to obtain a measurement for every possible SL beam pair, UE A may configure SL CSI-RS resources across M (not necessarily consecutive) slots, i.e., one slot for each TX beam (a1, a2, … , aM) available at UE A. During each slot, UE A may transmit a SL CSI-RS burst (r1, r2, … , rN) with a fixed TX beam, while UE B performs RX beam sweeping to measure on each SL CSI-RS with a different RX beam (b1, b2, … , bN). This is equivalent to performing P-3 sequentially M times, i.e., one time for each possible TX beam (a1, a2, … , aM). After the M × N measurements have been obtained at UE B, a beam report may be sent to UE A, e.g., indicating the TX beam(s) with highest RSRP.
Such an exhaustive beam search procedure may be necessary in some situations, e.g., in case of long-range SL relaying for public safety (e.g., if UE A and UE B are 1km away from each other). In such cases, simultaneously using the maximum attainable TX and RX gains (i.e., the narrowest attainable TX and RX beams) may be the only way to obtain reliable measurements (due to very high pathloss).
On the other hand, the latency associated with such an exhaustive beam search procedure may be very high, especially if the number of beams (M, N) is large and if non-consecutive slots are used.
[bookmark: Obs35073][bookmark: Obs88480][bookmark: Obs62485][bookmark: Obs51854]Observation 3: In certain situations (e.g., long-range SL), using the narrowest attainable TX beam simultaneously with the narrowest attainable RX beam may be necessary to obtain reliable beam measurements, resulting potentially in a very long (multi-slot) search for the best beam pair.
[bookmark: Proposal58865][bookmark: Proposal80325][bookmark: Proposal51821][bookmark: Proposal52384]Proposal 3: Study mechanisms to reduce the beam search space for SL beam pairing, especially for long-range SL.
SL beam pairing based on Uu procedure [P-2, P-3]
Figure 4 shows an alternative method for SL beam pairing based on Uu procedures P-2 and P-3 (corresponding to Uu beam refinement at TX and RX, respectively). In this case, UE A may configure SL CSI-RS resources for transmission of a first burst (r1, r2, … , rM) of SL CSI-RS, e.g., within a single slot. During that slot, similar to P-2, UE A (playing the role of the gNB) may perform TX beam sweeping, i.e., transmit each SL CSI-RS using a different TX beam (a1, a2, … , aM), while UE B measures on SL CSI-RS using a fixed, wide RX beam (e.g., the widest attainable beam on the appropriate panel). UE B may then send a beam report to UE A, e.g., indicating the TX beam(s) with highest RSRP.
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[bookmark: _Ref126670144]Figure 4. SL beam pairing inspired by Uu procedure [P-2, P-3] (UE A plays role of gNB) (symbol-wise TX beam sweeping at UE A, symbol-wise RX beam sweeping at UE B)
In a subsequent step (akin to P-3), UE A may select a preferred TX beam (a’) (e.g., among those indicated in UE B’s report) and transmit a second (single-slot) SL CSI-RS burst (s1, s2, … , sN) using the preferred TX beam (a’), while UE B performs RX beam sweeping to measure on each SL CSI-RS with a different RX beam (b1, b2, … , bN). Based on its measurements, UE B may then select a preferred RX beam (b’).
Compared to exhaustive beam search, such a two-step beam pairing procedure may be performed much faster (e.g., within a few slots), especially if intra-slot (i.e., symbol-wise) beam sweeping is used at both UE A and UE B, as shown in Figure 4.
[bookmark: _Hlk127100705]Intra-slot TX beam sweeping at UE A, however, may cause an AGC issue at nearby RX UEs. For example, a third UE (C) (not shown) in the proximity of UE A may experience a sudden, unexpected increase in its instantaneous total received power in the middle of a slot, as UE A transmits with higher gain on a narrow TX beam pointing towards UE C, resulting in ADC saturation and consequently signal clipping at UE C.
An alternative to avoid the AGC issue caused by intra-slot TX beam sweeping would be for UE A to perform slot-wise TX beam sweeping, i.e., maintaining a fixed TX beam in each slot (as shown in Figure 3). However, this results in increased latency for beam pairing.
Moreover, the wide RX beam used by UE B to measure on the first SL CSI-RS burst may result in shorter range due to lower RX gain, as well as lower beam measurement quality due to higher interference from nearby UEs. In addition, as a result of UE B receiving SL CSI-RS with a wide RX beam, more of the received signal at UE B may be the result of reflections from a larger volume of reflectors. In NLOS conditions, UE B may thus measure the highest RSRP (total sum from all reflectors) when UE A uses the TX beam that points to the LOS, despite the LOS path itself being blocked. Thus, in NLOS conditions, this procedure is not guaranteed to find the optimal beam pair (e.g., pointing to the strongest reflector).
[bookmark: Obs88481][bookmark: Obs62486][bookmark: Obs51855]Observation 4: Intra-slot TX beam sweeping may cause an AGC issue at nearby RX UEs, due to a sudden, unexpected increase in instantaneous total received power in the middle of a slot.
[bookmark: Proposal80326][bookmark: Proposal51822][bookmark: Proposal52385]Proposal 4: Study how to address the AGC issue caused by intra-slot TX beam sweeping.
Exploiting TX/RX beam correspondence [P-3, P-3]
Figure 5 shows another alternative method for SL beam pairing which exploits TX/RX beam correspondence. Based on the definition provided for NR Uu in Section 6.1.6.1 of [2], TX/RX beam correspondence at a UE (A, B) holds if the “UE is able to determine a TX beam for [SL] transmission based on the UE’s [SL] measurement on one or more RX beams”.
In this case, UE A may configure SL CSI-RS resources for transmission (e.g., within a single slot) of a first burst (r1, r2, … , rN) of SL CSI-RS using a fixed, wide TX beam (e.g., the widest attainable beam on the appropriate panel). This first SL CSI-RS burst (r1, r2, … , rN) is used for RX beam sweeping at UE B to determine a preferred RX beam (b’) among UE B’s RX beams (b1, b2, … , bN). In a subsequent step, UE B may transmit a second (single-slot) SL CSI-RS burst (s1, s2, … , sM) back to UE A using the preferred RX beam (b’) as a preferred TX beam (i.e., exploiting TX/RX beam correspondence). This second SL CSI-RS burst (s1, s2, … , sM) is used for RX beam sweeping at UE A to determine a preferred RX beam (a’) among UE A’s RX beams (a1, a2, … , aM), which is then used as preferred TX beam by UE A (again exploiting TX/RX beam correspondence).
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[bookmark: _Ref126670165]Figure 5. SL beam pairing based on TX/RX beam correspondence [P-3, P-3] (symbol-wise RX beam sweeping at UE B, symbol-wise RX beam sweeping at UE A)
A key advantage of this approach is that it circumvents the AGC issue caused by intra-slot TX beam sweeping in the Uu-based SL beam pairing procedure described above. Here, each UE (A, B) maintains a fixed TX beam during the respective slot (while the other UE performs RX beam sweeping), thus there is no sudden, unexpected increase in instantaneous total received power at nearby UEs (e.g., UE C) in the middle of the slot.
Another advantage is the potential for very low latency, as this two-step procedure may be performed very fast (e.g., within 2 consecutive slots), as no beam reporting is needed between the UEs (A, B).
One drawback with this approach is that TX/RX beam correspondence may not always hold. For example, in NLOS channels, reflectors may not always behave reciprocally or symmetrically (i.e., reflect incident radio waves equally in both directions), thus a preferred RX beam (e.g., pointing to a non-reciprocal reflector) may not always be the preferred TX beam.
Moreover, the wide TX beam used by UE A to transmit the first SL CSI-RS burst may result in shorter range due to lower TX gain, as well as higher interference caused to nearby UEs. In addition, as a result of UE A transmitting SL CSI-RS with a wide TX beam, more of the received signal at UE B may be the result of reflections from a larger volume of reflectors. In NLOS conditions, UE B may thus measure the highest RSRP (total sum from all reflectors) on the RX beam that points to the LOS, despite the LOS path itself being blocked. Thus, in NLOS conditions, this procedure is not guaranteed to find the optimal beam pair (e.g., pointing to the strongest reflector).
Another aspect to consider is related to power consumption associated with (possibly periodic) SL CSI-RS transmission. If UE B is a power-constrained (e.g., battery-driven) device while UE A is not, it may be better to let UE A perform all the SL CSI-RS transmissions (as in the Uu-based procedure above) while UE B performs RX beam sweeping, which may consume less battery power.
[bookmark: Obs88482][bookmark: Obs62487][bookmark: Obs51856]Observation 5: TX/RX beam correspondence may be exploited to circumvent the AGC issue caused by intra-slot TX beam sweeping and significantly reduce the time needed for SL beam pairing.
[bookmark: Proposal80327][bookmark: Proposal51823][bookmark: Proposal52386]Proposal 5: Study how TX/RX beam correspondence may be exploited for SL beam pairing, e.g., by performing P-3 in both link directions.
Comparison of SL beam pairing approaches
Table 1 summarizes the pros and cons of each of the SL beam pairing approaches discussed above.
[bookmark: _Ref126845741]Table 1. Comparison of different SL beam pairing approaches
	
	Exhaustive beam search
	Uu-based SL beam pairing (P-2, P-3)
	SL beam pairing based on TX/RX beam correspondence (P-3, P-3)

	Pros
	Longer range (due to simultaneous use of narrowest attainable TX and RX beams)
Optimal beam pair
	Low latency (in case of intra-slot TX beam sweeping)


	Very low latency (no beam report needed between SL CSI-RS bursts)
No AGC issue (no TX beam sweeping)

	Cons
	High latency (depending on number of beams, non-consecutive slots)
	AGC issue (in case of intra-slot TX beam sweeping)
Shorter range (due to wide RX beam)
Higher interference from nearby UEs due to wide RX beam (reducing beam measurement quality)
Suboptimal beam pair (potentially, in NLOS)
	TX/RX beam correspondence may not always hold
Shorter range (due to wide TX beam)
Higher interference caused to nearby UEs due to wide TX beam
Suboptimal beam pair (potentially, in NLOS)
Higher power consumption at UE B (due to SL CSI-RS burst transmission by UE B)


Each of the described SL beam pairing approaches may be preferred in a given setting. For long-range SL, it may be necessary to perform an exhaustive beam search simultaneously using the narrowest attainable TX and RX beams. If range and latency are not a concern, the Uu-based beam pairing procedure may be used, with slot-wise TX beam sweeping to avoid the AGC issue. If very low latency is required and channel reciprocity can be assumed, the beam pairing procedure based on TX/RX beam correspondence may be the only option available. Thus, it may be best for the specification to support not one but multiple SL beam pairing approaches, in order to adequately cover different conditions and requirements.
[bookmark: Obs88483][bookmark: Obs62488][bookmark: Obs51857]Observation 6: Different SL beam pairing approaches may be preferred in different settings.
	[bookmark: Proposal51824][bookmark: Proposal80328][bookmark: Proposal52387]Proposal 6: Study how the specification may support different SL beam pairing approaches, depending on different conditions (e.g., range, channel reciprocity) and requirements (e.g., latency), including:
· Exhaustive beam search
· P-2, P-3
· P-3, P-3



A. Control signaling for SL beam pairing
In order to support SL beam pairing, new control signaling needs to be standardized for NR SL. Based on the SL beam pairing approaches described above, at least the following information may need to be exchanged by the UEs (A, B):
1. SL beam capability: In order to determine appropriate SL CSI-RS resources for performing beam measurements, the following information may be required.
a. Number of panels (P, Q) and/or (narrow) beams per panel (M, N) that are to be measured. In Figure 5, for example, 9 beams need to be measured within the selected panel. Thus, at least 9 SL CSI-RS symbols (one per beam) need to be transmitted. In some cases, more than one SL CSI-RS symbol may be needed per beam in order to ensure a sufficient beam measurement quality.
b. Beam switching time. In Figure 5, for example, it has been assumed that beams can be switched fast compared to a symbol duration. Thus, consecutive symbols may be used for transmitting SL CSI-RS corresponding to different beams. However, if the time it takes to switch beams is comparable to (or larger than) a symbol duration, non-consecutive symbols may need to be configured for transmitting SL CSI-RS corresponding to different beams.
2. SL CSI-RS resource configuration: In order to perform the appropriate beam measurements, the measuring UE (A or B) needs to know the time/frequency resource location of SL CSI-RS to be transmitted by the other UE (B or A). Such SL CSI-RS resources may be periodic, aperiodic, etc.
3. SL CSI-RS measurement request: In case of aperiodic SL CSI-RS, a UE transmitting aperiodic SL CSI-RS (A or B) needs to trigger/request the measuring UE (B or A) to perform the beam measurements. Such a beam measurement request may be conveyed, e.g., by a 2nd-stage SCI, similar to the legacy CSI request.
4. SL CSI-RS transmission request: In some cases, a UE (A) may explicitly request SL CSI-RS transmission by the other UE (B), e.g., in order to perform its own RX beam sweeping and determine a preferred TX beam (i.e., exploiting TX/RX beam correspondence). To improve beam measurement quality, such a SL CSI-RS transmission request may optionally indicate (preferred) resources for SL CSI-RS transmission by the other UE (B), similar to inter-UE coordination (IUC).
[bookmark: Obs88484][bookmark: Obs62489][bookmark: Obs51858]Observation 7: New control signaling is needed to support SL beam pairing.
[bookmark: Proposal80329][bookmark: Proposal51825][bookmark: Proposal52388]Proposal 7: Study what information (SL beam capability, SL CSI-RS resource configuration, SL CSI-RS measurement request, SL CSI-RS transmission request, etc.) needs to be exchanged by the UEs for SL beam pairing, and which layer (L1, L2, L3) may be used to convey such information.
SL beam maintenance
The following was agreed in RAN1#112 with respect to SL beam maintenance:
	Agreement
RAN1 is to study sidelink beam measurement and reporting schemes (e.g., periodicity, contents, container, timing, procedure, etc.) for sidelink beam maintenance.
Agreement
RAN1 is to study sidelink beam indication and switching schemes (e.g., framework, general procedure, contents, signaling, timing, etc.) for sidelink beam maintenance.


In addition, the following proposal was brought forward by the FL:
	Proposal 2-2-d: RAN1 is to prioritize to study whether and how sidelink CSI RS can be used/enhanced for beam maintenance procedure, as well as the details of sidelink CSI RS (e.g., periodicity, transmission resources, repetition, etc). 
· This doesn’t preclude the study of using PSCCH/PSSCH DMRS or S-SSB for beam maintenance, [if sidelink CSI RS is not feasible].


As a result of relative motion between the SL UEs (A, B), UE rotation or changes in the surrounding environment (e.g., an object obstructing the LOS, a strong reflector (dis)appearing, etc.), the best beam pair at a given time may no longer be best at a later time. Thus, SL beams need to be tracked and maintained over time. In addition, SL beam refinement (e.g., switching to narrower or wider beams) may be needed to adapt to changing conditions or data rate requirements.
In order to maintain the optimal beam pair in a dynamic environment (e.g., V2X), periodic SL CSI-RS may be configured with a periodicity that is sufficiently short (e.g., 100ms) to deal with the expected rate of change. However, performing beam measurements too frequently may incur significant overhead and power consumption.
[bookmark: Obs62490][bookmark: Obs51859]Observation 8: Periodic beam measurements may be necessary to maintain the optimal beam in a dynamic environment, but too frequent beam measurements may incur high overhead and power consumption.
[bookmark: Proposal51826][bookmark: Proposal52389]Proposal 8: Study how to configure periodic or semi-persistent SL CSI-RS for all or a subset of candidate beams, depending on how quickly the channel is expected to change.
An alternative (or complementary) strategy is to trigger beam measurements on demand, e.g., based on a condition being fulfilled. For example, having established an initial beam pair (a’, b’), the UEs (A, B) may monitor the beam quality over time (e.g., based on SL CSI-RS), and only trigger measurements for other beams in case the beam quality (e.g., RSRP) degrades beyond a threshold.
[bookmark: Obs62491][bookmark: Obs51860]Observation 9: Aperiodic SL CSI-RS transmissions for measuring alternative beams may be triggered on demand based on the current beam quality degrading beyond a threshold.
[bookmark: Proposal51827][bookmark: Proposal52390]Proposal 9: Study trigger conditions for aperiodic beam measurement and reporting.

Another aspect that may be worth studying is how to prioritize measurement on some beams over others, especially if performing exhaustive measurements on all beam pairs is impractical or undesirable. For example, as illustrated in Figure 6, in LOS conditions, a future best beam pair (a2, b2), (a3, b3), etc., is likely to be adjacent to the present best beam pair (a1, b1) (e.g., as UEs move relative to each other). Thus, it may not be necessary or efficient to keep track of all possible beam pairs all the time.
[bookmark: Obs88485][bookmark: Obs62492][bookmark: Obs51861]Observation 10: In LOS conditions, a future best beam pair is likely to be adjacent to the present best beam pair.
[bookmark: Proposal80330][bookmark: Proposal51828][bookmark: Proposal52391]Proposal 10: Study how to optimize SL beam maintenance, e.g., by prioritizing adjacent beam measurements.
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[bookmark: _Ref127283291]Figure 6. In LOS conditions, a future best beam pair is often adjacent to the present best beam pair

SL beam failure detection and recovery
In case of an abrupt degradation of beam quality (e.g., due to an object suddenly or unexpectedly blocking the LOS), the UEs may detect a beam failure and trigger a SL beam failure recovery procedure.
A. SL beam failure detection (BFD)
In RAN1#112, the FL summary for AI 9.4.3 [4] summarized Uu BFD as follows:
	“In Uu link, the beam failure detection (BFD) works as follows. If the beam failure instance indication for a [BFD] reference signal (RS) is sent from PHY layer to MAC layer, the MAC layer will start a timer (beamFailureDetectionTimer) and increment a counter (BFI_COUNTER) by 1. When the counter value is larger than or equal to a threshold (beamFailureInstanceMaxCount), then the beam failure recovery (BFR) is triggered for this BFD RS. If the timer expires, then the counter is reset to 0. A beam failure instance is indicated when a layer-1 measurement (e.g., L1-RSRP) is less than a threshold.”


Furthermore, the following was agreed in RAN1#112:
	Agreement
RAN1 is to study the information related to a sidelink beam failure instance that the PHY layer provides to the MAC layer.


In SL, a beam failure may be detected by the TX UE and/or the RX UE. A beam failure instance (BFI) may be indicated to the MAC layer at the RX UE based on degradation of beam quality (e.g., L1-RSRP) beyond a threshold, as in Uu. At the TX UE, a BFI may be indicated to the MAC layer based on the absence of expected HARQ feedback on a PSFCH occasion, similar to SL radio link failure (RLF) detection. However, this only applies in case HARQ feedback is enabled.
[bookmark: Obs62493][bookmark: Obs51862]Observation 11: BFI indication at a TX UE based on the absence of expected HARQ feedback only applies in case HARQ feedback is enabled.
[bookmark: Proposal51829][bookmark: Proposal52392]Proposal 11: BFI indication at TX UE and RX UE may be enabled/disabled by (pre-)configuration.
B. SL beam failure recovery (BFR)
One straightforward strategy upon a SL beam failure on a narrow beam is to fall back to a wide beam (e.g., the widest attainable beam on the current panel). For example, in case the LOS is suddenly blocked causing a beam failure, a wide beam may still work thanks to strong reflectors in the surrounding environment. A wider beam pair may be used to maintain SL communication (albeit possibly at a lower data rate, due to lower TX/RX gain) while a narrower beam pair is restored.
[bookmark: Obs62494][bookmark: Obs51863]Observation 12: A wider beam may often work, although with lower SINR, in case a beam failure is detected on a narrow beam.
[bookmark: Proposal51830][bookmark: Proposal52393]Proposal 12: Study beam fallback mechanisms based on TX/RX beam widening.
Another possible strategy to enhance reliability is to exploit SL beam diversity. As shown in Figure 7, there may often be multiple strong reflectors, even in NLOS conditions, resulting in not one but multiple suitable beam pairs. For example, if two suitable beam pairs (a1, b1) and (a2, b2) exist and there is a sudden beam failure on (a1, b1), then (a2, b2) can be used to maintain SL communication (possibly at a similar data rate) while beam failure recovery is performed.
[bookmark: Obs88486][bookmark: Obs62495][bookmark: Obs51864]Observation 13: SL beam diversity may be used to maintain SL communication while recovering from a SL beam failure.
[bookmark: Proposal80331][bookmark: Proposal51831][bookmark: Proposal52394]Proposal 13: Study how SL beam diversity can be used to enhance resilience against SL beam failures.
[image: ]
[bookmark: _Ref127288286]Figure 7. SL beam diversity (e.g., via multiple strong reflectors)

PSFCH TX/RX beams
In RAN1#112, the FL summary for AI 9.4.3 [4] included “Topic #5: PSFCH beams”. Under this topic, the FL wrote:
	“In case a single PSFCH transmission in a slot, OPPO and Sharp mention that PSFCH transmit beam could be the same as the PSCCH/PSSCH transmit beam on the reverse link or PSFCH transmit beam is determined by the PSCCH/PSSCH receive beam in case of sidelink beam correspondence. Vivo mentions that PSFCH transmit beam could be omni-directional, depending on scenarios. Ericsson mentions that the PSFCH transmit beam should also be considered in the beam pairing/maintenance procedure.
Furthermore, OPPO and LG discuss the PSFCH transmission or receive beams in case of multiple PSFCH transmissions or reception in a slot. LG mentions to apply multiple PSFCH transmit beams in a slot, or allow multiple PSFCH occasions for a PSCCH/PSSCH reception so that a single beam is used for PSFCH transmission in a slot.”


The case of multiple PSFCH transmissions or multiple PSFCH receptions in a slot is addressed in the next section.
For the case of a single PSFCH transmission or a single PSFCH reception in a slot, we see no reason to use omnidirectional PSFCH transmission/reception. There is a clear justification (i.e., higher SINR) for beamformed PSFCH transmission/reception. We share the view of other companies that the PSFCH TX/RX beam can be the same as the PSCCH/PSSCH TX/RX beam on the reverse link (in case TX/RX beam correspondence does not hold), or the PSFCH TX/RX beam can be determined by the PSCCH/PSSCH RX/TX beam (in case TX/RX beam correspondence holds).
[bookmark: Obs62496][bookmark: Obs51865]Observation 14: For the case where a single PSFCH is to be transmitted or received in a slot, beamformed PSFCH transmission/reception is clearly beneficial (i.e., higher SINR).
	[bookmark: Proposal51832][bookmark: Proposal52395]Proposal 14: In case of a single PSFCH transmission or a single PSFCH reception in a slot:
· If TX/RX beam correspondence holds, the PSFCH TX/RX beam is the same as the PSCCH/PSSCH RX/TX beam, respectively.
· Otherwise, the PSFCH TX/RX beam is the same as the PSCCH/PSSCH TX/RX beam on the reverse link, respectively.




Multiple PSxCH transmissions/receptions in a slot
In RAN1#112, the FL summary for AI 9.4.3 [4] included “Topic #7 Multiple beams for data reception”. Under this topic, the FL wrote:
	“In sidelink, a UE (say, UE-1) can have multiple unicast links with different UEs. The transmit beams to different UEs could be different and the receive beam from different UEs could be different.
Some companies (Huawei, vivo, DCM) mention that due to hardware restriction, UE-1 may only receive PSCCH/PSSCH using a single receive beam in a single slot. In case multiple UEs send PSCCH/PSSCH to UE-1 in the same slot, the receive beam used at UE-1 may not be proper for some receptions. […]
Given that initial beam pairing and beam maintenance are already achieved, the determination of which receive beam to use at a UE, in case the UE has simultaneous sidelink unicast reception for different unicast links using different receive beams […] may be further examined.”


The situation described by the FL above is illustrated in Figure 8 for a RX UE (A) and in Figure 9 for a TX UE (B).
[image: ]
[bookmark: _Ref131074758][bookmark: _Hlk131516821]Figure 8. A RX UE (A) may not be capable of using different beams (a1, a2) to receive PSSCH from and/or transmit PSFCH to different TX UEs (B1, B2) in a slot
[image: ]
[bookmark: _Ref131074769]Figure 9. A TX UE (B) may not be capable of using different beams (b1, b2) to transmit PSSCH to and/or receive PSFCH from different RX UEs (A1, A2) in a slot
In some cases, these conflicts may be avoided by proper resource selection/allocation (e.g., based on IUC), as discussed in the next section. If the conflict could not be avoided, the UE (A, B) may drop the PSxCH transmission/reception of lower priority (if applicable) or determine a single common RX/TX beam to receive/transmit both PSxCHs, e.g., based on beam measurements (RSRP, etc.). For example, the UE (A, B) may select a “best compromise” beam (e.g., a wider beam) (a3, b3) maximizing the lowest RSRP among the conflicting unicast links.
[bookmark: Obs62497][bookmark: Obs51866]Observation 15: A UE may not be capable of simultaneous PSxCH transmission/reception using different beams.
	[bookmark: Proposal51833][bookmark: Proposal52396]Proposal 15: In case of multiple PSxCH transmissions or multiple PSxCH receptions in a slot, the UE may either:
· Drop the PSxCH transmission(s)/reception(s) of lower priority, or
· Determine a single common TX/RX beam to transmit/receive the multiple PSxCHs.





Resource allocation enhancements for beamformed PSxCH transmission/reception
A. NR SL resource allocation mode 1 in FR2
In Rel-14/15 LTE SL scheduled resource allocation (mode 3), the following was standardized (3GPP TS 36.300, clause 23.14.1.1):
(1) “In order to assist the eNB to provide sidelink resources, the UE in RRC_CONNECTED may report geographical location information to the eNB.”
(2) “A UE using scheduled resource allocation may be configured to perform sensing and periodically report the sensing result.”
LTE SL is broadcast, thus geographic location information (1) is sufficient to determine whether two TX UEs may or may not use overlapping resources for their broadcast transmissions (e.g., based on physical proximity). Reporting the TX UE’s sensing result (2) (IE MeasResultSensing-r15 in 3GPP TS 36.331) was introduced in Rel-15 in order to enable resource pool sharing between mode-3 UEs and mode-4 UEs.
With beamformed NR SL transmission/reception in FR2, reporting UE geographical location information (1) and/or the TX UE’s own sensing result (2) may not be sufficient (or even necessary):
(1) In FR2, nearby UEs may be able to use the same (or overlapping) transmission resources despite their physical proximity thanks to the spatially constrained transmission afforded by beamforming. Thus, geographical location information is not sufficient (or appropriate) to determine whether two TX UEs may use resources overlapping in time-frequency.
(2) As a result of beamforming, the TX UE’s sensing result does not correctly capture the interference situation at the RX UE, due to the more severe hidden node problem (i.e., the RX UE may be exposed to beamformed PSCCH/PSSCH transmissions not detectable by the TX UE). In addition, resources deemed as occupied by the TX UE may not affect the RX UE, due to the more severe exposed node problem (i.e., the TX UE may be exposed to beamformed PSCCH/PSSCH transmissions not detectable by the RX UE), thus unnecessary resource exclusion may occur.
To deal with the more severe hidden/exposed node problems due to beamforming, instead of reporting its own sensing result, a TX UE (B) may request a preferred resource set (S1) from the RX UE (A) using IUC scheme 1, as shown in Figure 10. The preferred resource set (S1) may be determined at the RX UE based on RSRP measurements using the RX beam to be used for PSCCH/PSSCH reception (i.e., beamformed sensing). The received preferred resource set (S1) may then be refined at the TX UE, e.g., some preferred resources may be excluded based on information available at the TX UE, e.g., based on the TX beam to be used for PSCCH/PSSCH transmission. The remaining resources (S2) may be reported to the gNB for PSSCH scheduling.
[bookmark: Obs62498][bookmark: Obs51867]Observation 16: The hidden node and exposed node problems are more severe in FR2 due to beamforming, rendering the TX UE’s sensing result (i.e., set SA as defined in clause 8.1.4 of TS 38.214) not useful for collision avoidance.
[bookmark: Proposal51834][bookmark: Proposal52397]Proposal 16: For NR SL resource allocation mode 1 in FR2, study how IUC scheme 1 may be re-used to report (non-)preferred resources for PSSCH scheduling by the gNB.

[image: ]
[bookmark: _Ref130909157]Figure 10. IUC scheme 1 may be used to assist NR SL resource allocation mode 1 in FR2

B. NR SL resource allocation mode 2 in FR2
In Rel-17, IUC schemes 1 and 2 were specified for NR SL resource allocation mode 2 assuming omnidirectional transmission/reception.
In order to take into account beamformed PSxCH transmission/reception in FR2, we think at least the following topics should be studied for IUC scheme 1:
(1) Enhancement of preferred/non-preferred resource set determination at UE A
The RSRP measurements (PSCCH-RSRP or PSSCH-RSRP) used when excluding candidate resources from the preferred resource set or determining non-preferred resources based on overlapping resource reservations (Conditions 1-A-1 and 1-B-1) should accurately reflect the expected interference signal strength to be experienced during beamformed reception at UE A. Thus, such RSRP measurements should be performed using the RX beam to be used for PSCCH/PSSCH reception from UE B. In this way, unnecessary exclusion of resources reserved by UEs located outside of the RX beam’s receptive field can be avoided, thus increasing spatial reuse.
In addition to “resource(s) belonging to slot(s) where the UE does not expect to perform SL reception of a TB due to half-duplex operation” (Conditions 1-A-2 and 1-B-2), UE A may determine (non-)preferred resources based on its inability to transmit/receive on multiple beams simultaneously. For example, as shown in Figure 8, UE A may not be capable of using different beams (a1, a2) to receive PSCCH/PSSCH from and/or transmit PSFCH to different TX UEs (B1, B2) in a slot.
Similar enhancements could be considered for IUC scheme 2 (Conditions 2-A-1 and 2-A-2).
(2) Enhancement of UE B behavior in its resource (re)selection upon receiving a preferred/non-preferred resource set
According to the currently specified UE B behavior, when performing resource (re)selection, a UE B which performs sensing (Option A) uses a received preferred resource set (S1) to select resources (in the MAC layer) from the intersection (S1∩SA) of the received preferred resource set (S1) and its own sensing result (SA). On the other hand, a UE B which does not perform sensing (Option B) selects resources from the received preferred resource set (S1). Furthermore, a UE B which performs sensing uses a received non-preferred resource set to exclude candidate resources (in the PHY layer) that overlap with the non-preferred resource set.
As discussed above, due to the increased severity of the exposed node problem as a result of beamforming (i.e., the TX UE may be exposed to beamformed PSCCH/PSSCH transmissions not detectable by the RX UE), unnecessary resource exclusion may occur. Conversely, UE B may not be able to detect some resource reservations by nearby TX UEs (e.g., due to beamformed SCI), thus UE B’s own sensing result (SA) may include reserved resources in which its transmissions would interfere with data reception at victim RX UEs located within the angular range of the TX beam to be used for PSCCH/PSSCH transmission to UE A. Thus, we believe that UE B’s own sensing result (at least as currently defined) may not be useful for resource selection in FR2.
One possible solution is to adopt Option B (i.e., UE B selects resources from the received preferred resource set) and rely fully on IUC scheme 2 to trigger resource reselection in case a resource conflict is indicated by a victim RX UE within the TX beam’s angular range. If relying completely on IUC scheme 2 is not desirable, UE B may use the TX beam to monitor IUC transmissions from potential victim RX UEs indicating non-preferred resources (e.g., triggered by Condition 1-B-1 Option 2) and exclude candidate resources overlapping with the indicated non-preferred resources.
In addition, resource selection at UE B may be enhanced to exclude candidate resources based on its inability to transmit/receive on multiple beams simultaneously. For example, as shown in Figure 9, UE B may not be capable of using different beams (b1, b2) to transmit PSCCH/PSSCH to and/or receive PSFCH from different RX UEs (A1, A2) in a slot.
Another potential issue is a UE’s inability to perform full sensing on multiple beams simultaneously, leading to “partial sensing in space”. For example, a UE may only be able to perform sensing on one panel at a time, e.g., sense using the front panel in even slots and sense using the back panel in odd slots, with a consequent loss of information (i.e., non-monitored slots) and reduced scheduling flexibility.
[bookmark: Obs62499][bookmark: Obs51868]Observation 17: Rel-17 IUC schemes 1 and 2 were specified under the assumption of omnidirectional transmission/reception.
	[bookmark: Proposal51835][bookmark: Proposal52398]Proposal 17: For NR SL resource allocation mode 2 in FR2, study IUC enhancements, including:
· Enhanced preferred/non-preferred resource set determination at UE A
· Enhanced UE B behavior upon receiving a preferred/non-preferred resource set




Conclusions
[bookmark: ConclusionsPObsInSeq]In this contribution, we have the following observations and proposals:
Observation 1: Performing SL initial beam pairing after PC5 unicast link establishment may reduce the achievable communication range.
Proposal 1: RAN1 to prioritize the study of SL initial beam pairing during (i.e., as part of) and after PC5 unicast link establishment. Whether to perform initial beam pairing during or after link establishment may depend on use case requirements.
Observation 2: PSSCH DMRS associated with beamformed DCR/DCA transmission/reception may be used for initial beam pairing during PC5 unicast link establishment. In case a PC5 unicast link is already established, SL CSI-RS may be used for initial beam pairing based on exchanged SL CSI-RS resource configuration information.
Proposal 2: RAN1 to deprioritize the study of S-SSB enhancements for SL initial beam pairing.
Observation 3: In certain situations (e.g., long-range SL), using the narrowest attainable TX beam simultaneously with the narrowest attainable RX beam may be necessary to obtain reliable beam measurements, resulting potentially in a very long (multi-slot) search for the best beam pair.
Proposal 3: Study mechanisms to reduce the beam search space for SL beam pairing, especially for long-range SL.
Observation 4: Intra-slot TX beam sweeping may cause an AGC issue at nearby RX UEs, due to a sudden, unexpected increase in instantaneous total received power in the middle of a slot.
Proposal 4: Study how to address the AGC issue caused by intra-slot TX beam sweeping.
Observation 5: TX/RX beam correspondence may be exploited to circumvent the AGC issue caused by intra-slot TX beam sweeping and significantly reduce the time needed for SL beam pairing.
Proposal 5: Study how TX/RX beam correspondence may be exploited for SL beam pairing, e.g., by performing P-3 in both link directions.
Observation 6: Different SL beam pairing approaches may be preferred in different settings.

	Proposal 6: Study how the specification may support different SL beam pairing approaches, depending on different conditions (e.g., range, channel reciprocity) and requirements (e.g., latency), including:
· Exhaustive beam search
· P-2, P-3
· P-3, P-3


Observation 7: New control signaling is needed to support SL beam pairing.
Proposal 7: Study what information (SL beam capability, SL CSI-RS resource configuration, SL CSI-RS measurement request, SL CSI-RS transmission request, etc.) needs to be exchanged by the UEs for SL beam pairing, and which layer (L1, L2, L3) may be used to convey such information.
Observation 8: Periodic beam measurements may be necessary to maintain the optimal beam in a dynamic environment, but too frequent beam measurements may incur high overhead and power consumption.
Proposal 8: Study how to configure periodic or semi-persistent SL CSI-RS for all or a subset of candidate beams, depending on how quickly the channel is expected to change.
Observation 9: Aperiodic SL CSI-RS transmissions for measuring alternative beams may be triggered on demand based on the current beam quality degrading beyond a threshold.
Proposal 9: Study trigger conditions for aperiodic beam measurement and reporting.
Observation 10: In LOS conditions, a future best beam pair is likely to be adjacent to the present best beam pair.
Proposal 10: Study how to optimize SL beam maintenance, e.g., by prioritizing adjacent beam measurements.
Observation 11: BFI indication at a TX UE based on the absence of expected HARQ feedback only applies in case HARQ feedback is enabled.
Proposal 11: BFI indication at TX UE and RX UE may be enabled/disabled by (pre-)configuration.
Observation 12: A wider beam may often work, although with lower SINR, in case a beam failure is detected on a narrow beam.
Proposal 12: Study beam fallback mechanisms based on TX/RX beam widening.
Observation 13: SL beam diversity may be used to maintain SL communication while recovering from a SL beam failure.
Proposal 13: Study how SL beam diversity can be used to enhance resilience against SL beam failures.
Observation 14: For the case where a single PSFCH is to be transmitted or received in a slot, beamformed PSFCH transmission/reception is clearly beneficial (i.e., higher SINR).

	Proposal 14: In case of a single PSFCH transmission or a single PSFCH reception in a slot:
· If TX/RX beam correspondence holds, the PSFCH TX/RX beam is the same as the PSCCH/PSSCH RX/TX beam, respectively.
· Otherwise, the PSFCH TX/RX beam is the same as the PSCCH/PSSCH TX/RX beam on the reverse link, respectively.


Observation 15: A UE may not be capable of simultaneous PSxCH transmission/reception using different beams.

	Proposal 15: In case of multiple PSxCH transmissions or multiple PSxCH receptions in a slot, the UE may either:
· Drop the PSxCH transmission(s)/reception(s) of lower priority, or
· Determine a single common TX/RX beam to transmit/receive the multiple PSxCHs.



Observation 16: The hidden node and exposed node problems are more severe in FR2 due to beamforming, rendering the TX UE’s sensing result (i.e., set SA as defined in clause 8.1.4 of TS 38.214) not useful for collision avoidance.
Proposal 16: For NR SL resource allocation mode 1 in FR2, study how IUC scheme 1 may be re-used to report (non-)preferred resources for PSSCH scheduling by the gNB.
Observation 17: Rel-17 IUC schemes 1 and 2 were specified under the assumption of omnidirectional transmission/reception.

	Proposal 17: For NR SL resource allocation mode 2 in FR2, study IUC enhancements, including:
· Enhanced preferred/non-preferred resource set determination at UE A
· Enhanced UE B behavior upon receiving a preferred/non-preferred resource set
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